T-cell redirecting bispecific antibodies (bsAbs) or antibody-derived agents that combine tumor antigen recognition with CD3-mediated T cell recruitment are highly potent tumor-killing molecules. Despite the tremendous progress achieved in the last decade, development of such bsAbs still faces many challenges. This work aimed to develop a mechanism-based pharmacokinetic/pharmacodynamic (PK/PD) modeling framework that can be used to assist the development of T-cell redirecting bsAbs. A Target cell-Biologics-Effector cell (TBE) complex-based cell killing model was developed using in vitro and in vivo data, which incorporates information on binding affinities of bsAbs to CD3 and target receptors, expression levels of CD3 and target receptors, concentrations of effector and target cells, as well as respective physiological parameters. This TBE model can simultaneously evaluate the effect of multiple system-specific and drug-specific factors on the T-cell redirecting bsAb exposure-response relationship on a physiological basis; it reasonably captured multiple reported in vitro cytotoxicity data, and successfully predicted the effect of some key factors on in vitro cytotoxicity assays and the efficacious dose of blinatumomab in humans. The mechanistic nature of this model uniquely positions it as a knowledge-based platform that can be readily expanded to guide target selection, drug design, candidate selection and clinical dosing regimen projection, and thus support the overall discovery and development of T-cell redirecting bsAbs.
Introduction
Treating cancer by harnessing the potent tumor-killing capacity of T cells is one of the most exciting fields of immune oncology. The potential for bispecific antibodies (bsAbs) or antibody-derived agents to bring cytotoxic T cells in close proximity to malignant tumors has led to the development of T-cell redirecting bsAbs. Unlike conventional anti-tumor drugs used in chemotherapy or targeted therapy where the drugs are active moieties, 1 T-cell redirecting bsAbs themselves usually have a minimal tumor killing effect. 2, 3 Although varying substantially in protein format and architecture, all T-cell redirecting bsAbs work as adaptor molecules that bring effector cells (T cells) and target cells (tumor cells) close to each other by forming Target cell-Biologics-Effector cell (TBE) complexes. A sufficient amount of these complexes would induce the formation of a transient cytolytic synapse between the engaged effector cells and the target cells, which activates the engaged effector cell (e.g., cytotoxic T cells) in a T cell receptorindependent manner to induce membrane perforation and then granzyme-mediated apoptotic death of the engaged target cells (e.g., tumor cells) ( Figure 1 ). [4] [5] [6] The clinical success of blinatumomab (Blincyto®), a bispecific T-cell engager (BiTE®) directed against CD19 for B cell malignancies, has led to a substantial increase in the number of BiTEs and other T-cell redirecting bsAbs in clinical development to treat both hematological malignancies and solid tumors. 4, 5 Currently, there are more than 40 others in clinical development and hundreds more in discovery and preclinical development. 6 Despite the progress achieved in the past two decades, the development of T-cell redirecting bsAbs still faces considerable challenges. These bsAbs are designed to efficiently kill tumor cells while minimizing cytotoxicity to normal tissues. It is critical to identify suitable target receptors on tumor cells to achieve this goal. Ideally, tumor target receptors should be truly tumor-specific, i.e., abundantly and exclusively expressed on tumor cells. However, other than a few B cell tumor-associated antigens that are specific for B-cell lineage, receptors that are truly tumor specific are extremely rare. Many current T cell-redirecting bsAbs in development target receptors that are 'overexpressed' on tumor cells, but are expressed at a relatively lower levels on certain normal tissues, e.g., CD33, CD123, EGFR. [7] [8] [9] Designing bsAbs against such receptors to selectively kill tumor cells while exhibiting limited or no cytotoxicity to non-targeted tissues with lower levels of target receptor expression remains a difficult endeavor. 10 In addition, the disposition of bsAbs at tumor sites of action, the numbers of tumor infiltrating T cells, the heterogeneous distribution of effector and target cells, and the With advances in protein engineering, researchers have developed many new bsAb platforms that vary in size, structure, half-life, biodistribution, and valency to achieve the desired target product profiles. 4, 12 However, the activity of T-cell redirecting bsAbs is dependent on multiple interrelated factors, and the identification of the desired target product profiles remains a difficult task; past experience had shown that engineered bsAbs do not always result in enhanced antitumor activity or improved therapeutic windows. 13, 14 Factors to consider when optimizing the design and dosing regimen of T-cell redirecting bsAbs include the protein scaffold, binding affinities to receptors on effector cells (e.g., CD3) and target cells (e.g., CD19), selection of binding epitopes, the drug concentrations, receptor expression levels on effector and target cells, and the dynamic interplay between T-cell redirecting bsAbs and other forms of treatment. A holistic approach must consider all of the above factors, as well as the in vivo pharmacokinetic (PK) and pharmacodynamic (PD) characteristics of the bsAbs. 11 The complex mechanism of action for T-cell redirecting bsAbs demands an integrated analysis that can evaluate the effect of various critical physiological and pathological factors on T-cell redirecting bsAbs. 15 Mechanism-based PK/PD modeling and simulation approaches can incorporate and systematically analyze in vitro, preclinical, and clinical data to simultaneously assess the individual effect of, as well as the dynamic interactions among, various factors. Recently, three mechanistic PK/PD modeling analyses for bispecific biotherapeutics have been published to guide rational translational research and clinical study design for T-cell redirecting bsAbs. [16] [17] [18] All three of these model analyses explored strategies to predict and translate in vivo pharmacodynamic and toxic effects (i.e., cytokine release) using in vitro data for T-cell redirecting bsAbs and physiological system measurements, and accounted for the concentration of the tri-molecular synapse between bsAb, T cell, and target tumor cell. These analyses pioneered the use of mechanism-based PK/PD modeling to characterize the critical steps that govern the pharmacological effects mediated by T-cell redirecting bsAbs. However, the analyses focused on characterizing the in vitro and in vivo data from one or two compounds, and did not provide a systemic evaluation of the impact of multiple critical factors that affect T-cell redirecting bsAb functioning, such as the desired protein architecture, optimal CD3 and target receptor binding affinities, target receptor expression levels, and effector-to-target (E:T) cell ratios, which should all be considered when formulating practical guidance on designing T-cell redirecting bsAbs.
The objective of this work was to develop a more comprehensive mechanism-based PK/PD model that uses data from in vitro, pre-clinical, and clinical studies to simultaneously evaluate the effect of various system-specific and drug-specific factors on the exposure-response relationship of T-cell redirecting bsAbs on a physiological basis. This proposed mechanism-based model, which goes beyond the conventional PK/PD approach, incorporated information on both system-specific parameters (e.g., CD3 and target receptor expression levels, T cell and target cell concentration, and T cell killing associated parameters, etc.) and drug-specific parameters (e.g., intrinsic engagement potency value of TBE complex, binding affinities of the bsAbs to both CD3 and target cell receptors, etc.). The model well captured the reported in vitro cytotoxicity data for multiple T-cell redirecting bsAbs under different experimental conditions, and predicted the effect of several key factors in in vitro cytotoxicity assays reasonably well.
The ability of this mechanism-based model to differentiate between system-specific and drug-specific parameters provides a method for the extrapolation of drug effects from in vitro and preclinical models to clinical systems. The modelpredicted blinatumomab effects in humans agreed well with the clinical observations of blinatumomab, supporting the predictive value of the model. The ultimate goal of this modeling effort is to develop an integrated and knowledge-based platform that can guide the rational design and development of novel T-cell redirecting bsAbs.
Results

Development of the TBE complex-based cell killing model
A schematic of the proposed TBE complex-based cell killing model (TBE model) is presented in Figure 1 . The TBE model was developed based on the known mechanisms of action for T-cell redirecting bsAbs, i.e., formation of the tri-molecular TBE complexes on the surfaces of target and effector cells drives the elimination of target (tumor) cells and other downstream PD effects. The CD3 and target receptor engagement processes were treated as independent binding events and they were determined by the expression levels of CD3 on T cells (Density CD3 ), target receptor on target cells (Density Receptor ), and the binding affinities of bsAbs to both receptors (k on_CD3 , k off_CD3 , k on_Receptor , k off_Receptor ). The killing of target cells is governed by the number of TBE complexes per target cell (TBEPC), the intrinsic engagement potency of the TBE complex (e.g., EC 50 , γ), and the killing potency of T cells (e.g., k max , τ). Taken together, the killing of target cells is determined by concentrations of TBEPC, the ability of bsAbs to trigger activation of the engaged effector cells, and the cytotoxic activity of the engaged effector cells themselves. Under in vitro experimental conditions or in vivo scenarios, the observed elimination of target cells is also affected by the dynamics of effector cells (e.g., k in , k out , concentration of effector cells) and target cells (e.g., k g , concentration of target cells) and the E:T ratios. In order to compare T-cell redirecting bsAbmediated serial killing of target cells by T cells across different experimental conditions, a reference system, where the concentrations of effector cells and target cells were both defined as 1000 cells per µL, was used to derive normalized TBEPC R and τ reference values.
The TBE model was first developed with a set of published in vitro cytotoxicity data of blinatumomab across a wide range of T cell and Nalm-6 target cell concentrations and E: T ratios at two time points. 19 The proposed TBE model was able to simultaneously capture the reported blinatumomabmediated lysis of CD19+ Nalm-6 cell line by a human T cellclone at different E:T ratios (10:1 to 1:10) at 4 hr and 24 hr, respectively ( Figure 2 ). The estimated model parameters are summarized in Table 1 . The model estimated maximum target cell killing rate constant of T cells (k max ) is 0.208 1/hour. The estimated EC 50 is at 0.0395 TBE complex per tumor cell (TBEPC R ) and the estimated γ value is at 0.953. The low EC 50 value likely reflects the extremely high potency of blinatumomab. 19 Of note, TBEPC R was calculated based on the experimentally determined expression values of T cell CD3 and Nalm-6 cell CD19 and the reported blinatumomab binding affinities to CD3 and CD19 on cell surfaces following 45-minute incubations; 22, 23 any potential divergence between the assay measurements and true values of receptor density and binding affinity would affect the derivation of TBEPC R values and the estimation of EC 50 . The baseline killing in the absence of the drug (Base) was fixed at 0, based on the observed data. 19 Multiple in vitro cytotoxicity assays have showed that, within a reasonable range of E:T ratios (i.e., ≥ 1:80), the effector cells can kill nearly all target cells after a sufficient incubation period. 3, 19, 24 Accordingly, E max was fixed at 100% in all TBE model analyses. The model-estimated transit time for observable cytotoxicity in the reference system (τ reference ) was 3.49 hours. Under in vitro experimental conditions, τ was further affected by the differences in effector cell concentrations between the experimental system and the reference system with an exponential constant k τ1 at −0.978, as well as the differences in concentrations between the target cells and effectors cells in the experimental system with an exponential constant k τ2 at 0.13 (see Methods). Based on the reported doubling time of leukemia cells in log phase culture at approximately 1.5 days, 20 k g was fixed at 0.02 1/hr for all in Similarly, the proposed TBE model was able to simultaneously capture the reported in vitro cytotoxicity time course of an extended half-life Dual Affinity Re-Targeting scaffold bispecific directed against CD3 and P-cadherin (P-cadherin LP-DART)-mediated P-cadherin+ HCT116 tumor cell killing by peripheral blood mononuclear cells (PBMCs) at various E: T ratios, 16 suggesting broader applications of the proposed TBE model. Results of the P-cadherin LP-DART modeling are provided in Supplement Materials (Table S1 and Figure S1 ). For this particular set of data, the developed model identified τ reference to be 25.8 hours. Under the experimental conditions, τ was affected by the differences in effector cell concentrations between the experimental system and the reference system by an exponential constant k τ1 of −2.48, as well as by the differences in concentrations between the target cells and effectors cells in the experimental system by an exponential constant k τ2 of 0.192. However, EC 50 and γ could not be identified with this set of data, possibly due to the lack of early time point data (the earliest time point available was 24 hours). The model estimated maximum target cell elimination rate constant of T cells was 0.179 1/hour/TBE complex.
Evaluation of TBE model on characterizing the effects of key determining factors
To evaluate whether the developed TBE complex-based cell killing model can characterize and predict the effect of key determining factors for T-cell redirecting bsAb-mediated target cell killing, independent in vitro cytotoxicity datasets under different conditions were examined.
Effect of target receptor expression
The ability of the TBE model to characterize and predict the effect of target cell receptor expression levels was first evaluated using the in vitro cytotoxicity data of AMG 330 (Figure 3a and 3b), a BiTE molecule targeting CD33 and CD3, on depletion of engineered OCI-AML3 target cells with various CD33 target receptor expression levels. 3 This set of data was ideal for evaluating the effect of target receptor density because the target cells with various levels of CD33 expression were engineered from the same parental cell line, and thus should have similar sensitivity to T cell-mediated killing. For the TBE model with AMG 330, T cell-mediated killing associated parameters (i.e., k max ), the established relationship between τ and E:T ratio and T cell concentrations (i.e., k τ1, k τ2 ) were fixed to the values derived from the blinatumomab model with Nalm-6 target cells (Table 1) . EC 50 and τ Reference , the model parameters associated with the AMG330 and TBE complex, were re-estimated using AMG 330 in vitro cytotoxicity data with high CD33 expressing (10,000 receptors per cell) OCI-AML3 target cells at different E:T ratios (solid lines); these values were determined to be 0.0043 complex per cell and 24.2 hours, respectively (Table S2 ). The γ value was fixed at 5 to best characterize the observed steep doseresponse relationship of the in vitro cytotoxicity data (Table S2) . The established TBE model was subsequently used to predict the effect of CD33 receptor density on AMG 330 in vitro cytotoxicity. The CD33 receptor densities of OCI-AML3 cells transfected with medium and low levels of CD33 (5,000 and 1,500 CD33 receptors per cell, respectively) and of the parental OCI-AML3 target cell (500 CD33 receptors per cell) were used to simulate AMG 330 in vitro cytotoxicity at E:T ratios of 10:1 and 1:1, respectively. As shown in Figure 3a and 3b (dashed lines), the model simulated in vitro cytotoxicity profiles agreed reasonably well with observed data.
Effect of target binding affinity
The ability of the TBE model to characterize and predict the effect of target binding affinity was evaluated using reported in vitro cytotoxicity data from anti-FLT3xCD3 bsAbs with differentiated binding affinities to FLT3 on the target cells 25 and anti-CD20xCD3 bsAbs with differentiated binding affinities to CD3 on the T cells. 26 The TBE model for anti-FLT3xCD3 bsAbs ( Figure 3c ) was first established by fitting the reported in vitro cytotoxicity data with a high FLT3 affinity anti-FLT3 (4G8)xCD3 bsAb (KD FLT3 = 2 nM) (solid line). The model estimated EC 50 and τ Reference to be 2.88 complexes per target cell and 5.78 hours, respectively (Table S2) ; all other parameters were fixed using the values established with blinatumomab in vitro cytotoxicity data with Nalm-6 cells( Table 1 ). The established model was then used to simulate the in vitro cytotoxicity of anti-FLT3 (BV10)xCD3 bsAb at a lower FLT3 binding affinity (KD FLT3 = 30 nM) for the same target cell. The results showed that the model simulation (dashed lines) agreed reasonably well with observed data. 25 Using the same strategy, the TBE model for anti-CD20xCD3 bsAbs ( Figure 3d and Table S2 ) was first established using an anti-CD20xCD3 bsAb with higher CD3 binding affinity (KD CD3 = 3 nM) (solid line), and then was used to simulate the in vitro cytotoxicity profiles of anti-CD20xCD3 bsAbs with lower CD3 binding affinities: CD20 K&H UCT1vM1 (KD CD3 = 40 nM) and CD20 K&H UCT1v1 (KD CD3 = 300 nM). The results showed that the model simulation (dashed lines) agreed reasonably well with observed data. 26 
Effect of effector-to-target (E:T) ratios
The ability of the TBE model to characterize and predict the effect of E:T ratios and T cell concentrations was also evaluated using two sets of reported blinatumomab in vitro cytotoxicity data at various E:T ratios. 23, 27, 28 The established relationships between τ and T cell concentration and τ and E:T ratio were kept the same as those derived above using blinatumomab in vitro cytotoxicity data with human T cell clones and Nalm-6 target cells (Table 1) . Since the sources of effector cells in these two datasets differed (human peripheral blood lymphocytes (PBLs) or purified human T cells vs. human T cell clone), the other parameters (e.g., k max , EC 50 , γ and τ reference ) were re-estimated. The TBE model was first established with human PBLs-mediated Blin-1 cell depletion profiles after 4 hours of incubation with blinatumomab at the highest tested E: T ratio of 17:1 ( Figure 3e , solid line). The model was then used to simulate the cytotoxicity profiles of Blin-1 cells at lower E:T ratios (from 2:1 to 8.5:1) from the same assay. 27 The simulations agreed reasonably well with the observed data (Figure 3e dashed lines).
The model estimated EC 50 , γ, k max , and τ reference values are summarized in Table S2 . Similarly, the TBE model was first established with purified human T cell-mediated Nalm-6 cell depletion profiles after 24 hours of incubation with blinatumomab ( Figure 3f ) at the highest tested E:T ratio of 20:1 (solid line), and the model was then used to simulate the cytotoxicity profiles Nalm-6 cells at lower E:T ratios (e.g., 2.5:1 to 10:1) from the same assay. 23 The results showed that the simulations (dashed lines) agreed reasonably well with the observed data. The model estimated EC 50 , γ, k max , and τ reference values are also summarized in Table S2 .
Model application in design of T-cell redirecting bsAbs
A common question raised during the development of T-cell redirecting bsAbs is how to determine the desired CD3/target binding affinities for a given therapeutic target. To address this question, the target characteristics and intrinsic engagement potency of the drug molecule must be considered. The results above showed that the developed TBE model can quantitatively capture and predict the effect of target receptor density and CD3/target binding affinities on the activity of T-cell redirecting bsAbs. Therefore, the model can be used to assist the design of T-cell redirecting bsAbs by providing an integrated analysis of the key factors that may affect the killing potency of bsAbs. A sensitivity analysis of TBE complex formation on each target cell in a reference system (TBEPC R ) (Figure 4a-b) and the resultant relative target cell killing potency of T cells (represented by k el /k max ) (Figure 4c-f) was conducted. The current sensitivity analysis focused on the effect of target receptor affinity, and the binding affinity of the CD3 binding arm (K D_CD3 ) was fixed at 15 nM for both bsAbs. If we fix the target receptor binding affinity and then vary the CD3 binding affinity, a very similar heatmap can be generated.
In Figure 4a , the sensitivity analysis results are depicted as heatmaps of model-predicted TBEPC R as a function of bsAb concentration (x-axis) and target receptor binding affinity (KDT, y-axis), generated under the assumption that the target Evaluation by the TBE model on characterizing the impact of key determining factors. The impact of target receptor expression level was evaluated with cytotoxicity profiles of OCI-AML3 target cells with different CD33 target receptor expression levels (500 -10,000 receptors per cell) by T cells from healthy donors at E:T ratios of 10: 1 (a) and 1:1 (b), in the presence of AMG 330 after 48 hours of incubation. 3 The impact of binding affinity was evaluated with cytotoxicity profiles of FLT3+ REH cells by CD8 + T cells in the presence of FLT3xCD3 bsAbs with differentiated binding affinity to FLT3 after 8 hours of incubation (c), 25 and that of CD20 + B cells by CD3 + T cells in the presence of CD20xCD3 bsAbs with differentiated binding affinity to CD3 after 24 hours of incubation (d). 26 The impact of effector-to-target (E:T) ratio was evaluated with CD19+ Blin-1 cell cytotoxicity profiles by PBLs in the presence of blinatumomab after 4 hours of incubation (e), 27 and CD19+ Nalm-6 cell cytotoxicity profiles by purified human peripheral T cells in the presence blinatumomab after 24 hours of incubation (f). 23 Symbols represent observed in vitro cytotoxicity data; solid lines with corresponding color represent model estimation results; dashed lines with corresponding color represent model simulation results.
receptor expression level is at 20,000 receptors per cell. Not surprisingly, at any given bsAb concentration, higher binding affinities (lower KDT values) are associated with higher TBE complex levels. Interestingly, at any given KDT, the TBE complex level first increases with bsAb concentrations, and then begins to plateau when the concentration of bsAbs start to approach the KD values of the arm with higher binding affinity -either KDT to the target receptor or KDE to CD3 (which is fixed at 15 nM in this simulation); the TBE complex level then begins to decline rapidly when the concentrations of bsAbs exceed the KD values of the arm with lower binding affinity. The decrease in TBE complex levels at high drug concentrations is due to the shift of binding preference from bivalent binding to monovalent binding. 29 This bell-shaped TBEPC R profile prediction is consistent with what was observed with anti-Her2xCD3 bsAb, where decreased bivalent co-binding was indeed observed at higher bsAb concentrations. 30 A similar heatmap of TBEPC R profiles was generated with the target receptor expression level set at 2,000 receptors per cell (Figure 4b ). Identical trends of TBE complex formation are shown, except that the absolute TBEPC R levels were significantly lower on target cells with low receptor expression levels (Figure 4b) , and the magnitude of difference was proportional to the receptor density.
Importantly, higher TBE complex levels do not necessarily translate to increased target cell killing (k el ) because, in addition to TBE complex levels (TBEPC R ), k el is also driven by the intrinsic engagement potency of the bsAb, as manifested by ). In other words, the desired target receptor binding affinity, or the desired levels of TBEPC R , also depends on the potency of the bsAb. For simulation purpose, two hypothetical bsAbs with a 50-fold difference in intrinsic engagement potency (EC 50 = 0.1 or 5 TBEPC R , γ = 1 for both cases) were used, based on the potency of reported bsAbs in literature. 31 Heatmaps of model-predicted relative target cell killing potency (k el /k max ) as a function of bsAb concentration and target binding affinity resultant are shown in Figure 4c -f, respectively. The model simulation results showed that when a bsAb has high intrinsic engagement potency (EC 50 = 0.1 TBEPC R ) and is against a highly-expressed target on target cells (receptor density = 20,000 receptors per cell), the near maximum target killing strengths of T cells (k el / k max > 95%) can be achieved at even low target binding affinities (e.g., 1,000 nM) (Figure 4c ). In this scenario, k el /k max at higher bsAb concentrations (i.e., ≥ K D value of the lower affinity binding arm) does not decrease significantly (Figure 4c ) because the corresponding TBCPC R levels remain significantly higher than EC 50 . However, a bsAb with high intrinsic engagement potency (EC 50 = 0.1 TBEPC R ) would exhibit weaker killing potency against a lower expressed target on target cells (receptor density = 2,000 receptors per cell), and k el /k max would decrease at higher bsAb concentrations (i.e., ≥ K D value of the lower affinity binding arm) (Figure 4d ). The desired target binding affinity for target cells expressing lower levels of target receptors (Figure 4d ) would be higher Figure 4d , if KDT is > 100 nM, then the bsAb cannot stimulate the maximum k el /k max at any drug concentration. Similarly, it was shown that bsAbs with lower intrinsic engagement potency (EC 50 = 5 TBEPC R ) need a relatively high target receptor binding affinity (i.e., KDT < 10 nM) to achieve the full target killing strength of T cells (k el / k max > 95%), even for target cells that express higher levels of target receptors (receptor density = 20,000 receptors per cell, Figure 4e) . Furthermore, the concentration range associated with maximum k el /k max is also much narrower (e.g., 1 -10 nM) under such condition (Figure 4e ) compared to that of the high potency bsAbs (Figure 4c ). On the other hand, the low potency bsAb (EC 50 = 5 TBEPC R ) was not potent enough to initiate > 50% k el /k max on lower expressing target cells (receptor density = 2,000 receptors per cell) at any KDT or bsAb concentration (Figure 4f) .
Taken together, these TBE model simulation results showed that the desired target receptor binding affinity depends on the intrinsic potency of the bsAb, the target receptor expression level, and the anticipated drug concentration at the site of action, and suggests that an integrated analysis of these interrelated factors is critical for rational design of bsAbs.
Projecting exposure-response relationships of blinatumomab in humans
To examine the utility of the developed TBE model in human efficacious dose projection, the model was used to project the exposure-response relationship of blinatumomab in humans, and the results were compared with the reported blinatumomab clinical PK/PD data. 32 First, in vitro cytotoxicity data of blinatumomab with multiple representative human B-cell tumor cell lines (Karpas-422, MEC-1 and Raji) and human PBMCs were used to develop the TBE model (Table 2, Figure S2 ). These cell lines have varied CD19 receptor expression levels and different sensitivities to T cells. 33 In this step, some of the model parameters (e.g., EC 50 , γ and τ Reference ) that are associated with the sensitivity of individual B-cell lines to T cell killing were re-estimated, while other parameter values (e.g., K max , E max , k τ1 , k τ2 , K g and K out ) were fixed to the ones established with blinatumomab and Nalm-6 cells using human T cell clone (Table 1) . Using the established concentrationresponse relationships from Nalm-6, Karpas-422, MEC-1 and Raji cells (Tables 1 and 2 ), the TBE model was used to predict blinatumomab-mediated B cell depletion in human blood and bone marrow by replacing system-specific parameters, such as concentrations of the drug, effector cells, and target cells, with values obtained from patients with leukemia. Baseline T cell and B cell concentrations in the blood were assigned at 500 and 300 cells per µL, respectively, based on the most recently reported data in relapsed/refractory acute lymphoblastic leukemia (ALL) patients who received blinatumomab treatment; 34 baseline T cell and B cell concentrations in bone marrow were assigned at 2,000 and 20,000 cells per µL, respectively, based on multiple reported assessments of bone marrow lymphocyte subsets, which include patients with advanced ALL who received blinatumomab treatment. [35] [36] [37] Other blinatumomab binding-associated parameters (e.g., KD CD3, KD receptor_CD19 ) and compound and reaction system-associated parameters (e.g., EC 50 , γ, τ reference , k τ1, k τ2 ) were assumed to be the same for in vitro and in vivo conditions. Since immune suppression is expected in patients with ALL, which may be associated with both upregulation of regulatory T cells and altered levels of cytokines, [38] [39] [40] k max for T cells from patients with relapsed or refractory ALL was assumed to be 1/3 of that from healthy T cells clone (0.0693 1/hr). Tumor doubling time in patients with ALL was assumed to be 33 days based on literature report, 20 and the derived k g was 0.00126 1/hr. The effect of T cell proliferation was not considered in the current simulation since it was reported that, on average, blinatumomab caused approximately a two-fold expansion of T cells in patients, 41 which would only lead to minor changes in τ. CD19 expression level on B cells was assigned at 20,000 receptors per cell based on literature report, 42 and this value was 2-to 5-fold lower than that of B cell lines used in vitro cytotoxicity assays (20,000 vs. 40,000 -100,000 receptors per cell). 22, 33, [43] [44] [45] The blood and bone marrow blinatumomab concentration-response curves predicted by the TBE model are shown in Figure 5 . Blinatumomab plasma drug concentration information following the approved dosing regimen, i.e., continuous intravenous infusion at a 9 µg/day priming dose for 7 days and then 28 µg/day full dose treatments, was obtained from multiple clinical PK studies in patients with either ALL or non-Hodgkin's lymphoma. 32 Following the 9 µg/day priming dose, blinatumomab plasma concentrations at steady state ranged between 167 -277 pg/mL; following the 28 µg/day full dose, blinatumomab plasma concentrations at steady state ranged between 552 -771 pg/mL. Bone marrow concentrations of blinatumomab following blinatumomab administrations were assumed to be about 30% of that in the plasma based on literature report. 46 The model simulation suggested that following either the priming dose (9 µg/ day) or the full dose (28 µg/day), blinatumomab is expected to cause near-complete or complete B cell depletion in blood (Figure 5a) . Meanwhile, the model simulation results suggested that blinatumomab would induce incomplete depletion of B cells in bone marrow following the 9 µg/day priming dose, but that blinatumomab will lead to near complete depletion of bone marrow B cells following the 28 µg/day full dose, even at a relatively low baseline E:T ratio (assumed 1: 10 in the current simulation) (Figure 5b ). This result of near-complete depletion of blasts in blood following the priming dose and of complete depletion following the full dose is consistent with the observed blinatumomab clinical data in ALL patients. 47 These results suggest that the TBE model's estimated potency parameters based on in vitro cytotoxicity data are relevant to the activity of T-cell redirecting bsAbs in vivo.
Discussion
Engineered T-cell redirecting bsAbs that combine tumor antigen recognition with CD3-mediated T cell recruitment are highly potent tumor-killing molecules. Enormous efforts have been conducted in recent years to identify and to explore the effect of biological systems, protein scaffolds, and other drug characteristics on the anti-tumor activity of T cell directing bsAbs. However, rational target selection, drug design and dosing regimen optimization for such bsAbs have yet to become robust processes in the pharmaceutical industry. The mechanism-based TBE complex-based cell killing model we developed described the characteristics of all three key players of T-cell redirecting therapy -the target cell (T), the biologics (B) and the effector cells (E) -with a single uniformed model structure. The model allows for the integrated analysis of multiple interrelated factors that impact the target cell killing effect, and can serve as a powerful tool to facilitate the discovery and development process of T-cell redirecting bsAbs. The mechanistic nature of the TBE model allows it to differentiate systemspecific and drug-specific parameters, which enables the extrapolation of in vitro and in vivo data by replacing system-specific parameters. System-specific parameters include CD3 and target receptor expression levels, T cell and target cell concentrations, and T cell killing-associated parameters, such as k max and τ. Drug-specific parameters, including the kon, koff, and KD values of the bsAbs to both CD3 and target cell receptors and the intrinsic engagement potency value of TBE complex (i.e., EC 50 ), often remain similar across different in vitro and in vivo systems. We have collected the reported in vitro cytotoxicity datasets from multiple T-cell redirecting bsAbs and evaluated them with our model. The results showed that by using drug-specific parameters identified under one experimental condition, the model can reasonably predict the behavior of T-cell redirecting bsAbs under conditions with changes in system-specific or drug-specific parameters, such as a change in the binding affinity to the target receptor or CD3, in the receptor density on target cells, or in the concentration of target cells and effector cells. Importantly, the clinical efficacious dose of blinatumomab was reasonably projected by our model from its in vitro cytotoxicity data, human PK, and human physiologyand pathology-related parameters for ALL patients ( Figure 5 ).
Through analysis of in vitro cytotoxicity data from multiple sources, the similarities and differences of certain modelidentified system-specific parameters offered insights into possible underlying mechanisms of action and key influencing factors for T-cell redirecting bsAbs. For example, the time course of target cell killing (τ) appears to be influenced by the sources of T cells used in the in vitro cytotoxicity experiments. 48 The TBE model analysis suggested that, although blinatumomab-mediated tumor cell killing shared similar EC 50 values for both unstimulated and stimulated human peripheral T cells, the estimated τ values for stimulated T cells were about 50% lower than the estimated τ values for unstimulated T cells for all individual tumor cell types (Table S3) . In other words, unstimulated and stimulated human peripheral T cells have comparable killing potency, but stimulated T cells can kill the target cells faster. This is consistent with our understanding of biology, i.e., upon sufficient TBE complex formation, it will take more time for unstimulated T cells than stimulated T cells to activate then start to kill target cells. Our model was also able to capture the in vitro cytotoxicity data at various E:T ratios using the same intrinsic potency value. In vitro cytotoxicity data from multiple studies have shown that T cells can conduct serial killing of target cells at lower E:T ratio conditions. 19 Meanwhile, instead of increasing the killing potency of T cells, higher E:T ratios appeared to only accelerate the T cell killing process.
19,23,49-52 Consistently, the data we analyzed also suggested that the higher E:T ratios (Tables 1 and 2 ) and physiology & pathology information of ALL patients. Steady state plasma drug concentration information following the priming dose (9 µg/day light gray bar) and the full dose (28 µg/day, dark gray bar) was obtained from literature. 32 Steady state bone marrow drug concentrations following the priming dose (9 µg/day light gray bar) and the full dose (28 µg/day, dark gray bar) were projected under the assumption that drug exposure in bone marrow was about 30% of that in plasma. 46 only accelerate the T cell killing process (τ), but do not affect the intrinsic potency value (EC 50 ). Our model used two exponential functions to correlate both effector cell concentrations (k τ1 ) and target-to-effector cell ratios (k τ2 ) to τ. In doing so, our TBE model was able to capture the in vitro cytotoxicity data at various effector cell concentrations using one single intrinsic engagement potency value EC 50 (Table 1 , S1, and S2, Figure 2, S2, 3e and 3f) , suggesting that the intrinsic engagement potency of a bsAb, i.e., the number of TBE complexes between one effector cell and one target cell sufficient to activate the engaged T cells, is a critical parameter for assessing T-cell redirecting bsAb-mediated target cell killing. The EC 50 for a T-cell redirecting bsAb is expected to be determined by CD3 and target receptor binding epitopes, 53, 54 the bsAb architecture, 31 and the sensitivity of individual target cells to T cell killing (Tables 1 and 2 , Figure 2 and S2) . 2, 33, 53 The exact mechanism for how T-cell redirecting bsAbs trigger T cell activation and subsequent target cell killing has yet to be elucidated, but some bsAb architectures and epitopes appear to be more potent than others. 31, 53, 54 Taken together, these findings support the mechanistic nature and biological relevance of our TBE model.
Since formation of the TBE complex is the driving force of all downstream pharmacological effects, the CD3 and target binding affinity values used in the model should be evaluated with caution. When possible, the affinity values should be verified by examining the biologics' binding to endogenous target cells and effector cells or cell lines expressing the endogenous target. Of note, in vitro studies have shown that the time it takes for a T cell to initiate killing of a target cell can be considerably shorter than the time required for some high affinity binding events to reach equilibrium. 19 Therefore, the binding kinetics relevant to the formation of TBE complex in the context of T cell killing kinetics, rather than the monovalent binding affinity at equilibrium, may need to be taken into consideration.
Our TBE model employs a large number of system-specific and drug-specific parameters to characterize bsAb-facilitated T cell killing of target cells. Nevertheless, given the limited data available for development of a fully mechanistic model, certain simplifications of biological processes were implemented during model development to avoid overparameterization. For example, the expansion of T cells as a result of activation was not considered, the T cells were assumed to have a firstorder elimination of k out , and k out was fixed to a constant. This simplification was implemented partly because the in vitro cytotoxicity data that were available for model development and validation were all obtained within 96 hours of incubation, and no significant T cell proliferation is expected within 48-96 hours of incubation. 16, 55 In addition, an ex vivo cytotoxicity experiment using acute myeloid leukemia patient samples showed that, in patient samples with E:T ratios < 1:10, addition of either anti-programmed cell death 1 (PD-1) or anti-programmed cell death ligand 1 (PD-L1) antibodies significantly augmented AMG 330-induced target cell lysis. In patient samples with E:T ratios > 1:10, the enhancement effect of anti-PD-1 or anti-PD-L1 antibodies on AMG 330-induced target cell lysis was limited, suggesting that the upregulation of PD-1/PD-L1 may be minor at higher E:T ratios (e.g., > 1:10). 24 Since the E:T ratio of the in vitro assay data used in the current model analyses ranged from 20:1 to 1:10, the impact T cell exhaustion (i.e., upregulation of PD-1/PD-L1) was not considered in the current analysis. Multiple in vitro cytotoxicity assays have showed that, within a reasonable range of E:T ratios (i.e., ≥ 1:80), the effector cells can kill nearly all target cells after a sufficient incubation period, 3, 19, 24 so the E max value for the TBE model was fixed at 100% for all model estimations. If we want to use this model to project in vivo effects of T-cell redirecting bispecific agents, especially following extended period of treatment, the validity of these simplifications should be carefully evaluated with in vivo data.
When the model input data contain sufficient information (e.g., multiple time points, or multiple E:T ratios, etc.), 3, 16, 19 the TBE model parameters can usually all be estimated with reasonable confidence. For compounds with insufficient in vitro cytotoxicity data to support development of the entire TBE model, some of the model parameters were fixed to values derived from other similar experiments. By fixing these model parameters, the other model paramters usually could be estimated with reasonable standard error values (Table 1 , 2, S1). However, the standard error values (SE%) for some model estimated parameters were found to be 0 in several cases (Tables S2, S3 and 2); these estimates appear to be associated with the limited number of observations and the fixation of most model parameters. 23, 25, 26, 33, 48 By providing an integrated analysis of key factors governing the killing capacity of bsAbs, this TBE model can be utilized to assist in the discovery and development of T-cell redirecting bsAbs, including drug design, candidate selection, and human dose projection. By incorporating information on the characteristics of the target receptor (i.e., target receptor expression level, bsAb accessibility at the site of action) and the anticipated intrinsic engagement potency of the compounds, TBE model-based sensitivity analyses can be performed to assist rational design of T-cell redirecting bsAbs. The model can simultaneously evaluate the effect of multiple factors to assess the suitability of target receptors, and guide the design and selection of the desired bsAb architecture, binding epitopes, and binding affinities for both the target cell receptor and the CD3 receptor. The therapeutic window of T-cell redirecting bsAbs can hopefully be expanded by carefully selecting compounds that can achieve complete depletion of target tumor cells at sites of action while minimizing cytotoxicity to normal tissues that express target receptors at lower levels.
The TBE model can also be used to facilitate translational research of T-cell redirecting bsAbs, and to assist in the design of clinical trials. This model reasonably projected the exposure-response relationship of blinatumomab in ALL patients by incorporating drug-specific parameters identified from in vitro cytotoxicity data and system-specific parameters based on human physiology and pathology ( Figure 5 ). This outcome suggests that the drug-specific parameters identified by TBE model may be extrapolated between in vitro and in vivo scenarios, and that the model has the potential to predict the efficacious dose range and dosing regimens for T-cell redirecting bsAbs in humans based on the properties of bsAbs (i.e. binding affinity, intrinsic engagement potency), the characteristics of diseases (i.e., exposure of bsAbs, distribution of effector cells and target cells, expressing level of target receptor), and patient conditions (i.e., variability in T cell activity).
Like all mechanism-based translational models, development of a mechanistic PK/PD model for T-cell redirecting bsAbs is expected to be an evolving process. Given our still limited understanding of the exact biological and physiological factors that govern the activity of such bsAbs, as well as the limited amount of available clinical data that would allow us to evaluate the performance of the model, the translational value of the current TBE model needs to be further examined. Fortunately, the mechanistic nature of the TBE model makes it especially amendable to new learnings.
Our planned next step is to connect the developed TBE model to a minimal physiologically-based pharmacokinetic (mPBPK) model structure. 56 The resulting mechanistic mPBPK/PD model would better incorporate our knowledge of human physiology and pathology to characterize target cell depletion profiles of bsAbs with longer in vivo half-lives and to possibly guide the optimization of dose level and dosing regimen based on information of different disease types and individual patient conditions.
In summary, we successfully developed a mechanistic modeling framework that simultaneously characterizes several key impact factors that determine bsAb facilitated T cell killing of target cells. This proposed TBE model represents a critical step forward in our understanding of relevant factors that affect the discovery and development of T-cell redirecting bsAbs, and it has been applied to support the discovery and development of such bsAbs. The model development process also highlights the importance of understanding the underlying biological processes in characterizing the dynamic interplay between biological system and T-cell redirecting bsAbs.
Methods
Data source
In vitro cytotoxicity assay data used for model development and evaluation was digitized from the literature; data included: depletion of CD19+ Nalm Binding affinity (KD) values of the bsAbs to target cell receptors and T cell CD3 were obtained from literature. The binding affinity values of blinatumomab to CD3 and CD19 were 260 nM and 1.49 nM, respectively. 23 The binding affinity values of AMG 330 to CD3 and CD33 were 5.1 nM and 8.0 nM, respectively 57 . The binding affinity values of P-cadherin LP-DART to CD3 and P-cadherin were 11.4 nM and 0.47 nM, respectively. 16 The binding affinity values of anti-FLT3 (4G8)xCD3 bsAb and anti-FLT3 (BV10)xCD3 bsAb to FLT and CD3 were obtained by binding kinetics fitting using digitized data. 25 The derived KD values of anti-FLT3 (4G8) xCD3 bsAb and anti-FLT3 (BV10)x CD3 bsAb to FLT3+ REH cells are 2 nM and 30 nM, respectively. The derived KD values of these two Fabsc-antibodies to CD3+ Jurkat cells are both 15 nM. The binding affinity values of anti-CD20xCD3 bsAbs CD20 K&H UCT1v9, CD20 K&H UCT1vM1 and CD20 K&H UCT1v1 to CD3 were 3, 40, and 300 nM, respectively. 26 The binding affinity of these anti-CD20xCD3 bsAbs to CD20 was obtained by binding kinetics fitting using digitized data, and the derived KD value was 7 nM. 26 In the current modeling exercise, the Kon values of all bsAbs to target cell receptors or T cell CD3 were derived using the equation kon = koff/KD under the assumption that koff values were 0.001 1/second to ensure that apparent binding equilibrium would be achieved within 1 hour after the start of incubation.
Expression levels of CD19 on Nalm-6, Blin-1, Raji, Karpas-422, and MEC-1 cell lines were assigned at 60,000, 60,000, 50,000, 50,000, and 100,000 receptors per cell, respectively, based on information from literature. 22, 33, 43, 44 CD19 expression levels on B cells was assigned at 20,000 receptors per cell based on data reported in the literature. 42 The expression level of CD33 on parental OCI-AML3 cells was 500, and the expression levels of CD33 on OCI-AML3 cells transduced with low, medium, and high levels of CD33 were 1,500, 5,000, and 10,000 receptors per cell, respectively, obtained by digitization. 3 The expression level of FLT3 on FLT3+ REH cells was assumed to be 50,000 receptors per cell, which is 100-fold higher than FLT3 expression level on normal CD14+ monocytes (about 500 receptors per cell) . 25 The expression level of CD20 on B cells was assigned at 100,000 receptors per cell, based on data reported in the literature. 42 CD3 expression level on T cells was assigned at 50,000 receptors per cell, based on internal data.
Structure of a TBE complex-based cell killing model T-cell redirecting bsAbs mediate tumor killing by redirecting effector cells (e.g., T cells) to target tumor cells. The formation of tri-molecular TBE complexes via simultaneous binding of the bispecific biologic drug to the target receptor on a target cell and to the CD3 receptor on the effector cell is expected to be the driving force of all downstream pharmacological effects, including T cell activation and tumor cell killing (Figure 1) . A TBE complex-based cell killing model (TBE model) was proposed with the following assumptions and approximations: total amounts of target cell receptors and T cell CD3 are evenly distributed in a well-stirred system; bsAbs engage effector cells and target cells by simultaneously binding to the CD3 and target cell receptors; bsAb binding to T cell CD3 and the target cell receptor are treated as independent binding events; elimination of bsAb by binding to the CD3 or target cell recepotor is not considered. Since the current model can capture the observed data reasonably well, the potential effect of avidity by pulling the T cell and target cell close together to generate a higher local concentration gradient was not considered. 58 In order to compare T cell-mediated serial killing of target cells across different experimental conditions, the potency related parameters were normalized to a reference system where the concentrations of effector cells (Conc Effector cells_reference ) and target cells were both defined as 1,000 cells per µL.
The formation of the TBE complex can be mathematically characterized using Equations 1-4: Effector cell (T cell)-mediated serial killing of target cells was described using a signal distribution model with three transit compartments using Equation 5-11. 21 The killing of target cells is driven by TBE complex per target cell (TBEPC). The concentrations of T cells and target cells were different across the datasets used for model development. In order to compare the intrinsic killing potency of TBEPC, a reference system was used to derive normalized values, where the concentrations of effector cells and target cells were both defined as 1,000 cells per µL. 
TA, TA Control , and EF represent populations of target cells in the treatment group, target cells in the control group, and effector cells, respectively. Their initial values at Target(0) and Effector(0) represent the initial concentration of target cells and effector cells in the reaction system, respectively. Target cells proliferate with a growth rate constant k g . The target cell killing rate of T cells at any bsAb concentration is k el , which is determined by k max , TBEPC R , EC 50 , and the Hill factor γ. k max represents the maximum target cell killing rate of T cells; TBEPC R represents the theoretical number of TBE complexes formed on each target cell, which was normalized to the reference system. EC 50 represents the TBEPC R associated with 50% of maximum target cell killing rate, which reflects the intrinsic engagement potency of the engaged T cell and bsAb to kill the target tumor cell. Three transit compartments (k 1 -k 3 ) are employed in this model to characterize the time course of target cell killing; however, only 1 parameter is used to describe transit kinetics (k tr ), and the total transit time (τ) was defined as k tr = 3/τ. Compared to the target cell killing transit time in the reference system (τ reference ), the τ values under other experimental conditions were correlated exponentially with both the fold-difference between the experimental effector cell concentration and that of the reference system (1,000 cells per µL) with an exponent k τ1 , and foldchange between the experimental target-to-effector cell ratio and that of the reference system (1:1) with an exponent k τ2 . For the in vitro cytotoxicity concentration-response curve, % Cytotoxicity represent the model predicted cytotoxicity effect at any given bsAb concentration. E max and Base represent the maximal and minimal cytotoxicity effect, respectively, of the cytotoxicity curve. In the current analysis, E max was fixed at 100%, since multiple in vitro cytotoxicity assays have showed that, within a reasonable range of E:T ratios (i.e., ≥ 1:80), the effector cells can kill nearly all target cells after a sufficient incubation period. 3, 19, 24 Base was either estimated or fixed, depending on individual data sets. The dynamics of effector cells (EF) was described with an indirect response model, where k in and k out represent the production and elimination of T cells, respectively. k in was defined as EF(0) x k out . Note that the expansion of T cells was not considered in the current analysis, as the in vitro cytotoxicity data used for model development and validation were all obtained within 96 hours of incubation, and literature has shown that no significant T cell proliferation is expected within 48-96 hours of incubation. 16, 55 The difference between observed and model-predicted values was modeled with a combined additive and proportional error model for %Cytotoxicity:
Where ε 1 and ε 2 represent the proportional and additive residual errors, with means of zero and variance σ 2 , between the j th observation in the i th individual (Y Obs ) and its prediction (Y Pred ).
Software
The PK/PD analysis was performed in NONMEM 7.2 (Icon Development Solutions, Ellicott City, MD) using the first-order conditional estimation with interaction (FOCEI) method and the ADVAN 13 subroutine, Pearl-speaks-NONMEM(PsN) 59 tool kit and Pirana 2.9.0. 60 GraphPad Prism7 (GraphPad Software, Inc., San Diego, CA) and R (http://www.r-project. org) were used for graphic model assessment. In vitro cytotoxicity data points from cited observed studies were digitized using GetData Graph Digitizer software version 2.26.0.20 (http://get data-graph-digitizer. com).
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